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We observe the suppression of inelastic dipolar scattering in ultracold Fermi gases of the highly
magnetic atom dysprosium: the more energy that is released, the less frequently these exothermic re-
actions take place, and only quantum spin statistics can explain this counterintuitive effect. Inelastic
dipolar scattering in non-zero magnetic fields leads to heating or to loss of the trapped population,
both detrimental to experiments intended to study quantum many-body physics with strongly dipo-
lar gases. Fermi statistics, however, is predicted to lead to a kinematic suppression of these harmful
reactions. Indeed, we observe a 120-fold suppression of dipolar relaxation in fermionic versus bosonic
Dy, as expected from theory describing universal inelastic dipolar scattering, though never before
experimentally confirmed. Similarly low inelastic cross sections are observed in spin mixtures, also
with striking correspondence to universal dipolar scattering predictions. The suppression of relax-
ation opens the possibility of employing fermionic dipolar species—atoms or molecules—in studies
of quantum many-body physics involving, e.g., synthetic gauge fields and pairing.
PACS numbers: 34.50.-s, 03.65.Nk, 67.85.-d
Spin-statistics play a prominent role in determining
the character and rate of elastic collisions among ul-
tracold atoms or molecules [1–3], often leading to the
enhancement or suppression of thermalization. For ex-
ample, elastic collisions mediated by short-range inter-
actions between spin-polarized fermions are suppressed
at low velocity. The reason lies in the requirement that
the total two-particle state—the tensor product of spin
and orbital—must be antisymmetric both before and af-
ter a collision [4]. Because the orbital wavefunction must
be of odd parity for spin-polarized fermions, collisions
between two such atoms are inhibited by the p-wave cen-
trifugal energy barrier [5]. For van der Waals interac-
tions, this leads to a kinematic suppression of the elas-
tic cross section as ki → 0, where the wavevector ki is
proportional to the relative incoming momentum. The
fermionic suppression of thermalizing elastic collisions
has an important, well-known consequence: inefficient
evaporative cooling near quantum degeneracy [6].
This unfavorable scaling is modified in the case of 3D
dipolar interactions. The long-range, r−3 nature of the
dipolar interaction leads to an elastic cross section in-
dependent of ki and proportional to the fourth power
of the magnetic dipole moment µ regardless of quantum
statistics in the limit ki → 0 [7–9][10]. This manifes-
tation of universal dipolar scattering implies that suf-
ficiently strong dipolar interactions allow spin-polarized
fermions to evaporatively cool even at energies compa-
rable to and below the Fermi temperature TF . Here
“universal” means short-range physics plays no role; scat-
tering only depends on atomic parameters through µ and
mass [8] and not on, e.g., the difficult-to-calculate phase-
shifts of partial-waves at short range [11]. Indeed, re-
cent experiments employing the highly dipolar fermionic
gases KRb [3], Dy [12], and Er [13] have observed ef-
ficient evaporative cooling at TF and below, providing
a route to preparing quantum degenerate dipolar Fermi
gases without the use of sympathetic cooling [14].
But while large dipoles promote useful elastic colli-
sions, they also enhance inelastic dipolar collisions among
atoms in spin mixtures and in metastable Zeeman sub-
states [15]. Rapid heating or population loss are a re-
sult of the ensuing spin relaxation and are detrimental
to experiments exploring quantum many-body physics
or atom chip magnetometry with highly dipolar gases in
metastable spin states [16–22].
Inelastic dipolar collisions among highly magnetic
atoms in magnetostatic traps were considered in the con-
text of bosonic Cr gases at fifty to hundreds of µK [7]
and at a few hundred nK [9] and Dy gases at hundreds
of mK [23] and at a few hundred µK [24]. The authors of
Ref. [7] derived an expression for inelastic dipolar scat-
tering using the first-order Born approximation and ob-
served rapid collisional loss in a single isotope of bosonic
Cr [25]. While the loss rate proved similar to that ex-
pected from theory, the theory’s universality was unex-
plored. The role Fermi statistics might play in suppress-
ing dipolar relaxation was discussed in Ref. [9], but has
never been experimentally investigated.
By comparing dipolar relaxation rates in both ultra-
cold bosonic and fermionic dysprosium, we find that spin
relaxation is enhanced among bosons while suppressed
among fermions. This supports the conclusion that quan-
tum statistics play a substantial role in these collisions:
The more energy that is released, the less frequently
these exothermic reactions take place, and only quan-
tum spin statistics can explain this counterintuitive ef-
fect. The strikingly close correspondence of our spin re-
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2laxation data to theory predictions—with no free param-
eters and despite the unclear a priori validity of the the-
ory to atoms with µ’s as large as Dy’s—represents a clear
demonstration of universal inelastic dipolar scattering.
Following Refs. [7, 9], we now describe two-particle
dipolar scattering within the first-order Born approxima-
tion, and in doing so quantify the role quantum statis-
tics play in suppressing or enhancing dipolar relaxation.
Dipolar scattering changes the orbital momentum of the
collision partners by ∆l = 0,±2 and the spin projection
of one or both of the atoms by ∆mF = 0,±1 [1, 7]. The
total angular momentum projection remains conserved
∆mF + ∆ml = 0, where ml is the orbital projection.
The dipolar relaxation cross section σdr connects the-
ory predictions to the experimentally measured colli-
sional loss rate βdr via βdr ∝ 〈(σ1 +σ2)vrel〉thermal, where
a thermal average must be taken, σ1 (σ2) is the single
(double) spin-flip cross section, and vrel is the relative
velocity; see Supplemental Material for details [26]. The
following expressions list the cross sections for the elas-
tic (σ0) and σ1 processes for a maximally stretched and
weak-field-seeking initial two-body spin state
|F,mF = +F ;F,mF = +F 〉 [7, 9]:
σ0 =
16pi
45
F 4
(
µ0(gFµB)
2m
4pih¯2
)2
[1 + h(1)], (1)
σ1 =
8pi
15
F 3
(
µ0(gFµB)
2m
4pih¯2
)2
[1 + h(kf/ki)]
kf
ki
. (2)
While the full theory is used in data analysis, we neglect
σ2 in this initial discussion since σ2/σ1 = F
−1  1 in
large-spin atoms polarized in large |mF | states [26]. This
limit is satisfied for bosonic 162Dy (F = 8) and fermionic
161Dy (F = 21/2), where F is the total angular momen-
tum; see Fig. 1a [27].
The kinematic factors in σ1 are a function of the ratio
of output to input relative momenta: by conservation
of energy kf/ki =
√
1 + m∆E
h¯2k2i
, where ∆E = gFµBB is
the Zeeman energy in a magnetic field B, ki = µvrel/h¯,
µ = m/2 is the reduced mass, and gF is the g-factor [28].
The ratio h(x = kf/ki) of the exchange to the direct
terms in the cross section monotonically increases from
h(1) = −1/2 to h(x → ∞) = 1 − 4/x2; see Refs. [7, 26].
The ratio x is varied between 2–14 in this work.
Quantum statistics of the colliding particles are re-
flected in the value of : ±1 for same-species bosons
and fermions, respectively, whose spin states are iden-
tical either in the incoming or outgoing channel [1], as
in Fig. 1(b)–(f); and 0 for distinguishable particles, such
as mixed species or, as in Fig. 1(g), same-species bosons
or fermions in mixed spin states both in the incoming
and outgoing channels. In the x  1 limit—high B,
low T—the inelastic cross section (collisional loss rate)
vanishes as 4
√
T/B (4T/
√
B) for  = −1, while it in-
creases as 2
√
B/T (2
√
B) for  = +1 and
√
B/T (
√
B)
+8
-8
+21/2
-21/2
(a)
162Dy, boson
161Dy, fermion
(b)
...
+21/2, +8
+19/2, +7
+17/2, +6 ...
-17/2
-19/2
-21/2
... ...
(g)
-17/2
-19/2
-21/2
... ...
(f)(c)
-17/2
-19/2
-21/2
... ...
(d)
-17/2
-19/2
-21/2
... ... (e)
-17/2
-19/2
-21/2
... ...
FIG. 1. (Color online) (a) Zeeman mF sublevels of the rel-
evant Dy ground states. Numbers indicate the maximally
stretched mF states. (b–d) Single-spin-flip dipolar relaxation
of spin-polarized states into spin mixtures. Arrow points from
the incoming to the outgoing spin population. (e) and (f)
Single-spin-flip dipolar relaxation of spin mixtures into spin-
polarized states. (g) Single-spin-flip dipolar relaxation of a
spin mixture into a different spin mixture.
for  = 0. The relative suppression ratio in this limit
becomes σfermions1 /σ
bosons
1 = β
fermions
dr /β
bosons
dr ∝ 2T/B.
Ultracold gases of bosonic 162Dy and fermionic 161Dy
are prepared by laser cooling in two magneto-optical-trap
stages and by forced evaporative cooling in a 1064-nm
crossed optical dipole trap, as explained in previous pub-
lications [12, 29, 30]; see also Ref. [26]. The temperatures
of the boson and fermion gases, ∼400 nK, are chosen to
be slightly above quantum degeneracy to eliminate corre-
lation effects [9]: T/Tc = 1.5(1) [density 3(1)×1013 cm−3]
and T/TF = 1.4(1) [7(2) × 1012 cm−3] [31]. Adia-
batic rapid passage while in the optical dipole trap po-
larizes the atomic cloud in its absolute internal ground
state. Co-trapping 162Dy with 161Dy is used to enhance
fermionic evaporation efficiency, after which the bosons
are removed from the trap by a resonant pushing beam
with no adverse effect on the fermions. The atoms are
then prepared in the desired Zeeman substate(s) by driv-
ing rf transitions, as detailed in Ref. [26]. Stern-Gerlach
measurements are used to verify the final state purity.
The atomic cloud is trapped for varying lengths of time
in order to measure population decay. Decay curves are
fit to a numerically integrated rate equation that includes
collision terms for both one-body loss due to background
gas γ and two-body loss βdr:
dN
dt
= −γN − βdrV¯ −1N2, (3)
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FIG. 2. (Color online) Population decay of fermionic 161Dy at
B = 0.410(5) G, T = 390(30) nK, and n¯0 = 7(2)× 1012 cm−3
for mF = +21/2 (triangles), −19/2 (circles), and −17/2
(diamonds) as well as bosonic 162Dy at B = 0.100(5) G,
T = 450(30) nK, and n¯0 = 3(1) × 1013 cm−3 for mF = +8
(squares). The solid curves are fits to the data using Eq. 3.
(Inset) Stern-Gerlach images of initial states. Error bars rep-
resent one standard error.
where V¯ =
√
8(2pi)3/2σxσyσz is the mean collisional
volume for a harmonically trapped thermal cloud with
Gaussian widths σi [26]. The decay rate is characterized
by the lifetime τdr = (βdrn¯0)
−1, where n¯0 = N0/V¯ is the
initial mean collisional density.
Typical decay curves for four different spin-polarized
ensembles are shown in Fig. 2. The fermions are prepared
in either the mF = +21/2, −19/2, or −17/2 state, as in
Fig. 1(b–d), respectively, and the bosons are prepared in
the mF = +8 state as in Fig. 1(b). The inset of Fig. 2
contains Stern-Gerlach-separated images of these states
as well as the absolute ground states mF = −21/2 and
mF = −8. Decay of these states, which cannot undergo
dipolar relaxation at this B-field and temperature, are
not presented due to their much slower decay, limited
only by 1/γ = 21(1) s. Table I lists the experimental
decay rates βdr for the mF = −19/2 and −17/2 cases,
along with the corresponding theory predictions. Decays
are well-described by Eq. 3, as verified by χ2 analysis [26].
We expect from the form of Eq. 12 that the bosonic life-
time τdr should decrease as the magnetic field increases,
while the fermionic lifetime should increase. Both trends
are observed, as shown in Fig. 3(a) and (b). While
bosonic 162Dy decays rapidly, the fermionic gases at 1 G
live for approximately 1 s at this density.
While the relative suppression is evident in the form
of Eq. 12, we may gain a more intuitive understanding of
this relative suppression from an analysis of symmetriza-
tion and selection rules. Let us first consider the spin
relaxation channel depicted in Fig. 1(b) in which spin-
polarized fermions or bosons decay from the maximally
β
−17/2;−17/2
dr β
−19/2;−19/2
dr β
−17/2;−19/2
dr β
−19/2;−21/2
dr
exp. 10(2) 4.1(7) 60(30) 3(1)
th. 6.3(3) 4.1(1) 37(1) 4.2(5)
TABLE I. Collisional loss rates in units of [×10−13 cm3 s−1].
stretched state mF = +F . This case corresponds to the
data in Figs. 3(a) and (b), respectively, and to the sets
of triangle and square data in Fig. 2. The collisional
reaction among fermions may be written:
Fermions: |F,mF ;F,mF 〉 ⊗ |p,ml〉 → (4)
|F,mF − 1;F,mF 〉S ⊗ |p,ml + 1〉,
where S denotes the symmetric superposition. While
this inelastic collision is allowed by dipolar-interaction
selection rules and by symmetrization, the reaction is
kinematically suppressed once the temperature falls be-
low the Dy p-wave threshold barrier ∼50 µK [5, 32][33].
The  = −1 value in σ1 is a manifestation of this kine-
matic suppression due to Fermi statistics. In contrast,
there is no p-wave threshold barrier in the bosonic case,
Bosons: |F,mF ;F,mF 〉 ⊗ |s, 0〉 → (5)
|F,mF − 1;F,mF 〉S ⊗ |d, 1〉,
since symmetrization allows an incoming s-wave channel:
no centrifugal barrier must be surmounted. We see that
quantum statistics dictates that bosons possess a relative
enhancement,  = +1, in the inelastic cross section σ1.
Feshbach resonances can mask the universal nature of
Eq. 12 by increasing losses due to three-body inelastic
collisions. Dysprosium has a high density of Feshbach
resonances, even at low field [30], and atom loss spectra
for the different mF states were measured prior to in-
vestigating the magnetic field dependence of dipolar re-
laxation. Magnetic fields were selected to avoid increased
loss due to sharp Feshbach resonance features in the data
of Figs. 2–4. Feshbach spectra for the mF = +8 bosons
and mF = +21/2 fermions are shown in Fig. 3(c) and
(d), respectively; see Ref. [26] for additional spectra.
Figure 3(e) presents the βdr’s of the data in Figs. 3(a)
and (b). Data are in remarkable agreement with the the-
ory curves, though the discrepancy of the fermion βdr’s at
fields below ∼0.2 G warrants further investigation. The
errors in βdr’s are dominated by uncertainties in the tem-
peratures and trap frequencies, see Ref. [26].
We next investigate whether the fermionic suppression
of dipolar relaxation is present in collisions involving spin
mixtures. As predicted by theory, we observe suppression
in the decay of the mF = − 192 ,− 212 mixture, but no
suppression in the decay of the mF = − 172 ,− 192 mixture;
see Fig. 4.
These drastically different decay rates are due to the
different quantum statistics governing the dominant re-
laxation processes. The only interspecies decay channel
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FIG. 3. (Color online) Dipolar relaxation as depicted in Fig. 1(b) for bosonic 162Dy (mF = +8) and fermionic
161Dy (mF =
+21/2). (a)-(b) Two-body-loss lifetimes versus magnetic field. (c)-(d) Atom loss spectra presented as normalized atom number.
Locations of Feshbach resonances appear as dips in the atom loss. (e) Two-body collisional loss rates for 162Dy (squares) and
161Dy (triangles) at the same fields as in (a)-(d). See Fig. 2 caption and Ref. [26] for initial densities and temperatures. Curves
are collisional loss rates calculated using the expressions for σ1 and σ2 in Eq. 12 and in Ref. [26], respectively, and correspond to
162Dy (top), 161Dy (bottom) and distinguishable particles (middle) at T = 450(30) nK (top, middle) and 390(30) nK (bottom)
with no free parameters. Thickness represents temperature error [26]. Error bars represent one standard error.
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FIG. 4. (Color online) Dipolar relaxation of spin mixtures.
Curves are fits to coupled two-body-loss rate equations; see
Ref. [26]. (a) Population decay of fermionic 161Dy in the
mF = −19/2 (circles) and mF = −21/2 (triangles) states at
T = 450(20) nK and B = 0.410(5) G. (b) 161Dy population
decay in the mF = −17/2 (diamonds) and mF = −19/2 (cir-
cles) states at T = 380(20) nK and 0.488(5) G. This inelastic
collision proceeds more rapidly than panel (a)’s due to dif-
ferent quantum statistics; see text. Initial density of each
spin state is 2(1)× 1012 cm−3. (Insets) Averages of 18 Stern-
Gerlach images. Error bars represent one standard error.
available to the mF = − 192 ,− 212 mixture is |− 192 ;− 212 〉 →
|− 212 ;− 212 〉, as depicted in Fig. 1(e). This process results
in indistinguishable outgoing particles in the maximally
stretched state mF=−F and, being the time-reversed
process of that depicted in Fig. 1(b), exhibits fermionic
suppression ( = −1).
In contrast, the decay of the mF = − 172 ,− 192 mixture
is dominated by the process | − 172 ;− 192 〉 → | − 172 ;− 212 〉
involving distinguishable mixtures in both the incoming
and outgoing channels; see Fig. 1(g). This process ex-
hibits no fermionic suppression because the particular
particle flipping its spin is unambiguous since ∆mf = ±2
is not allowed for a single particle undergoing dipolar re-
laxation. This cross section is given by the  = 0 case
of Eq. 12 with the different spin-dependent coefficient
F (F − 2)2σ1/(2F 3) [26].
The measured and predicted interspecies βdr’s are also
listed in Table I. To measure these rates, the spin pop-
ulations are co-trapped and subsequently separated and
imaged via a Stern-Gerlach measurement. The popula-
tions are fit to coupled rate equations, as shown in Fig. 4.
Error analysis and cross sections are in Ref. [26].
The enhancement in the dipolar relaxation of bosonic
162Dy versus magnetic field contrasts markedly with the
suppression in fermionic 161Dy. While the a priori va-
lidity of the first-order Born approximation was unclear
for dipolar interactions as strong Dy’s, this observation
is in striking agreement with predictions based on that
approximation, implying the theory may be applied to
any element, as none are more magnetic than Dy.
This manifestation of universal inelastic dipolar scat-
tering demonstrates that dipolar relaxation is far less se-
5vere in highly dipolar fermions than in highly dipolar
bosons and will be less of a hindrance to experiments
using high-spin fermions in studies of quantum many-
body physics. For example, observing ferronematicity
and BCS superfluidity in these systems would require
long-lived spin mixtures [16, 18], as would experiments
generating 1D spin-orbit coupling and non-Abelian gauge
fields in 2D with Raman laser fields [21, 34].
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SUPPLEMENTARY MATERIALS: FERMIONIC
SUPPRESSION OF DIPOLAR RELAXATION
I. EXPERIMENTAL DETAILS
Dysprosium atoms are loaded into a magneto-optical
trap (MOT) from a Zeeman slower, both operated at a
wavelength of 421 nm. The bosonic isotope 162Dy and
the fermionic isotope 161Dy are used in this work. The
fermionic isotope is co-trapped with the bosonic isotope
for increased evaporation efficiency. The 162Dy are ex-
pelled from the trap with a 1-ms pulse of resonant 421-nm
light before initiating the measurement sequences lead-
ing to the presented data. We observe no effect on the
temperature or population of the fermionic isotope due
to the removal of the bosons.
A second stage of optical cooling is provided by a
narrow-line MOT operated at 741 nm [12, 29, 30]. The
atoms are then loaded into an optical dipole trap (ODT)
consisting of a single beam at 1064-nm with an initial
power of 5 W and waist radii of 24 µm and 22 µm. For
efficient loading from the MOT, the beam is horizon-
tally expanded with an acousto-optical modulator to an
aspect ratio of ∼5. The atoms are then transferred to
the lowest Zeeman sub-level (mF = −8 for 162Dy and
mF = −21/2 for 161Dy) via radio-frequency (rf) adia-
batic rapid passage (ARP); see Fig. 6(a). This provides
6the initial conditions for evaporation: ∼2×106 (∼1×106)
161Dy (162Dy) atoms for dual isotope trapping or∼5×106
162Dy atoms for single isotope trapping all at a temper-
ature of ∼5 µK. Evaporation proceeds in a crossed ODT
formed by an additional, vertical 1064-nm beam with a
circular waist of 70 µm. After 10 s of forced evaporative
cooling, the atomic cloud reaches the final temperatures
reported in the manuscript.
A large and switchable magnetic field gradient is em-
ployed to vertically separate the mF states of dysprosium
so that we may image each population in a Stern-Gerlach
type of experiment. The vertical ODT beam is kept on
during the ballistic expansion to guide and increase the
atomic densities during the separation. This increases
the signal-to-noise ratio of the measured population and
allows for longer time-of-flights that provide larger mF -
state separation.
The I = 5/2 nuclear spin of fermionic 161Dy gives
rise to hyperfine structure (see Refs. [12] for level di-
agram) and a significant quadratic Zeeman shift arises
at moderate magnetic fields [1]. To populate the
|F,mf 〉 = |21/2,−19/2〉 and |F,mf 〉 = |21/2,−17/2〉
states with rf-pulse sequences, the magnetic field is
switched to a value of 18 G, providing a 20-kHz dif-
ferential energy shift due to the quadratic contribution
of the Zeeman shift. A narrow ARP sequence, i.e., one
with a frequency sweep width smaller than 20 kHz, al-
lows us to transfer the full atomic population from the
ground state into the |F,mf 〉 = |21/2,−19/2〉 state.
A second narrow ARP pulse allows us to transfer the
atoms into the |F,mf 〉 = |21/2,−17/2〉 state. Alter-
natively, the spin mixtures |21/2,−17/2; 21/2,−19/2〉 or
|21/2,−19/2; 21/2,−21/2〉 may be created, starting from
the |F,mf 〉 = |21/2,−19/2〉 state, using a resonant rf pi/2
pulse of duration 250 µs. After state preparation, the
magnetic field is switched to the desired low-field value.
We observe a reduction of the atom number by a factor
of two by the end of these preparation sequences, per-
haps due to crossing a large number of the Dy Feshbach
resonances while sweeping the magnetic field [30].
The magnetic fields are determined via rf spectroscopy.
We apply a 100-ms, single-tone rf pulse to 162Dy atoms
trapped in a homogeneous magnetic field. By measur-
ing atom loss (due to inelastic collisions between atoms
driven out of the absolute ground state) as a function
of rf frequency, the magnetic field can be determined to
within 1 mG. The long-term magnetic field uncertainty of
5 mG is due to measured drifts of the ambient magnetic
field over the course of days.
We characterize the trapping potential by parametri-
cally driving excitations using a small intensity modula-
tion of the ODT beams. The observed heating induced
atom loss allows us to determine the trapping frequencies
within an uncertainty of 5%, primarily limited by day-
to-day drifts in beam alignment. We extract the tem-
perature by recording the density distribution of the gas
during free ballistic expansion at several times-of-flight.
We measure the initial temperature with an uncertainty
of less than 10% from the evolution of the density.
The temperatures of the atomic clouds used in each
data point of Fig. 3 of the manuscript vary from mag-
netic field to magnetic field. For the fermions, the tem-
peratures varied from a minimum of 350(8) nK to a max-
imum of 440(30) nK. For the bosons, the temperatures
varied from a minimum of 400(20) nK to a maximum of
490(30) nK. The light-blue band around the fermion the-
ory curve in Fig. 3(e) demarcates the error in the mean
temperature used to plot the fermion curve, 390(30) nK.
The theory curve for bosons is much less sensitive to tem-
perature than the fermion curve, and the error is within
the curve’s line thickness.
II. FESHBACH RESONANCE DATA
Feshbach spectra were measured for all spin-polarized
states and spin-mixture states presented. The spectra for
161Dy mF = +21/2 and
162Dy mF = +8 are presented
in the main text (see Fig. 3). The spectra for 161Dy
mF = −17/2, mF = −19/2, and mF = −21/2 are shown
in Fig. 5(a), (b), and (c), respectively.
Feshbach spectra of the two spin mixtures were also
measured to avoid interspecies resonances. The spectra
for the mF = −17/2,−19/2 and mF = −19/2,−21/2
mixtures are shown in Fig. 5(d) and (e), respectively.
The fermionic isotope has a high density of sharp res-
onances, while the bosonic isotope has fewer but broader
resonances [30], such as the resonance near 1 G in
Fig. 3(c) in the main text. Fields were chosen to mini-
mize the influence of Feshbach resonances, though effects
from resonances cannot be completely discounted.
III. DATA ANALYSIS
The atom number at a variable trapping time and
time-of-flight is measured with the standard absorption
imaging technique. The estimated uncertainty in atom
number is 10%. The measurement is repeated at least
three times for each holding time, and the order of the
measurements for a given magnetic field is randomized to
counter systematic drifts. Subsequently, we average the
atom number for each holding time. The error bars on
this quantity and all others presented are given by one
standard error.
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FIG. 5. Feshbach spectra for 161Dy (a-c) spin states and (d-e)
spin mixtures. All spectra were taken at temperatures be-
tween 400-500 nK. Dotted lines indicate fields at which dipo-
lar relaxation data was taken.
A. Spin-polarized ensembles
The decay of spin-polarized atoms follows the rate
equation
dNa
dt
= −γNa − βdrN
2
a
V¯
, (6)
where Na is the number of atoms in spin state a, 1/γ
is the one-body lifetime given by collisions with resid-
ual background gas and βdr is the collision loss rate
given by the set of particular dipolar relaxation processes
to which the initial state is liable. We discuss all the
processes explored in this work in Sec. IV. Assuming a
Gaussian density distribution, the volume V¯ is given by
V¯ =
√
8(2pi)3/2σxσyσz, with 1/
√
e spatial widths σx,y,z
that depend on the temperature of the gas and the trap-
ping parameters.
We fit the numerical solution of Eq. 6—and Eq. 7
below—to the experimental data with a least-squares
routine. The one-body lifetime 1/γ = 21(1) s is extracted
from an independent measurement of the lifetime of ab-
solute ground state atoms at low density in the ODT to
avoid three-body contributions. The only free parame-
ters in the fit are the initial atom number and the dipolar
loss rate βdr. Errors are dominated by uncertainties in
the temperature and trap frequencies.
B. Spin mixtures
For the spin mixture decays presented in Fig. 4 of the
manuscript, we use a pair of coupled differential equa-
tions, each describing the population evolution of atoms
in spin state a and b coupled by an interspecies scattering
term:
dNa
dt
= −γNa − βadr
N2a
V¯
− βabdr
NaNb
V¯
dNb
dt
= −γNb − βbdr
N2b
V¯
− βbadr
NbNa
V¯
. (7)
In an analysis similar to that performed for the spin-
polarized samples, we determine the background lifetime
1/γ and the intraspecies loss rates βadr and β
b
dr from in-
dependent measurements; see Fig. 2 of the manuscript.
The free parameters for the fitting procedure are the ini-
tial atom numbers N0a and N
0
b and the interspecies loss
rate βabdr = β
ba
dr . Analytic predictions for β
a
dr, β
b
dr, β
ab
dr
and βbadr based on cross sections derived in the first Born
approximation are presented in Sec. VA.
IV. CROSS SECTIONS
We now follow Refs. [7, 9] in presenting the dipo-
lar relaxation cross sections for the maximally spin-
polarized case before presenting our derivation for the
spin-dependent matrix elements of general cases.
A. The dipole-dipole interaction
The dipolar interaction between spins F1 and F2 reads:
UDDI = µ0(gFµB)
2 (F1 · F2)− 3(F1 · rˆ)(F2 · rˆ)
4pir3
, (8)
where the interatomic separation is r = r2 − r1. In this
expression, gF is the g-factor and µB is the Bohr mag-
neton. The total cross section, in the first-order Born
8approximation, including direct and exchange terms, is
σ =
(
m
4pih¯2
)2
1
kikf
[∫
|U˜DDI(ki − kf )|2δ(|kf | − kf )dkf
+ 
∫
U˜DDI(ki − kf )U˜∗DDI(−ki − kf )δ(|kf | − kf )dkf
]
(9)
where U˜DDI(k) is the Fourier-transformed dipolar inter-
action
U˜DDI(k) =
∫
U¯DDI(r)e
−ik·rd3r
= µ0(gFµB)
2F1F2(cos
2 α− 1/3) (10)
and α is the angle between k and the B-field [7, 17]. The
ki and kf are initial and final relative wavevectors with
modulus ki and kf , respectively. The U¯DDI(r) have al-
ready been contracted between the initial and final states,
i.e., U˜DDI are the Fourier-transformed matrix elements of
Eq. 8.
The multiplicative factor  = ±1, 0 accounts for the
quantum statistics of the colliding particles: ±1 for in-
distinguishable bosons and fermions, respectively, whose
spin states are identical either in the incoming or outgo-
ing channel, such as in Fig. 6(b-f) and (h); and 0 both
for distinguishable particles and for same-species bosons
or fermions whose spin states are mixed in both the in-
coming and outgoing channels, such as in Fig. 6(g) and
(i).
The validity of the first-order Born approximation [1,
2] for the case of strong dipolar interactions is question-
able [7], but the close data-theory correspondence pre-
sented in our manuscript seems to indicate that dipo-
lar interactions remain sufficiently weak in these gases.
Contributions from the second-order Born corrections or
Dy’s electrostatic anisotropy [32] warrant further inves-
tigation.
B. Stretched-state cross sections
Equation 9 may be solved [7, 9] to obtain the fol-
lowing cross sections given an initial two-body maxi-
mally stretched, strong-field-seeking spin-state |F,mF =
+F ;F,mF = +F 〉:
σ0 =
16pi
45
F 4
(
µ0(gFµB)
2m
4pih¯2
)2
[1 + h(1)], (11)
σ1 =
8pi
15
F 3
(
µ0(gFµB)
2m
4pih¯2
)2
[1 + h(kf/ki)]
kf
ki
,(12)
σ2 =
8pi
15
F 2
(
µ0(gFµB)
2m
4pih¯2
)2
[1 + h(kf/ki)]
kf
ki
,(13)
where σ0, σ1, and σ2 are the cross sections for elastic, 1-
spin-flip inelastic, and 2-spin-flip inelastic processes. The
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FIG. 6. Manuscript’s Fig. 1 extended to include double-
spin-flip cases. (a) Zeeman mF sublevels of the relevant Dy
ground states. Numbers indicate the maximally stretched
mF states. (b–d) Single-spin-flip dipolar relaxation of spin-
polarized states into spin mixtures. Arrow points from
the incoming to the outgoing spin population. (e) and (f)
Single-spin-flip dipolar relaxation of spin mixtures into spin-
polarized states. (g) Single-spin-flip dipolar relaxation of a
spin mixture into a spin mixture. (h) Double-spin-flip dipo-
lar relaxation of spin-polarized states to spin-polarized states.
(i) Double-spin-flip dipolar relaxation of spin-mixture to dif-
ferent spin-mixture.
kinematic and spin-dependent factors arise from certain
matrix elements of Eq. 8 [7]:
F1 · F2 − 3(F1 · rˆ)(F2 · rˆ) = F1zF2z (14)
+
1
2
(F1+F2− + F1−F2+) (15)
− 3
4
(2z¯F1z + r¯−F1+ + r¯+F1−) (16)
× (2z¯F2z + r¯−F2+ + r¯+F2−),
where
z¯ =
z
r
, r¯+ =
x+ iy
r
, r¯− =
x− iy
r
, (17)
and F+ = (Fx + iFy) and F− = (Fx − iFy) are the rais-
ing and lowering ladder spin operators. The elastic cross
section σ0 arises from term (14). Term (15) leads to an
exchange interaction, while the term (16) is responsible
90 2 4 6 8 10 12 14 16 18 20−0.5
0
0.5
1
x
h(
x)
FIG. 7. The function h(x).
for σ1 and σ2. Specifically, σ1 is proportional to the ma-
trix element:
σ1 ∝ (18)
|〈ff |2z¯F1z(r¯−F2+ + r¯+F2−)
+2z¯F2z(r¯−F1+ + r¯+F1−)|fi〉|2,
while σ2 is proportional to the matrix element:
σ2 ∝ |〈ff |(r¯−F2+ + r¯+F2−)(r¯−F1+ + r¯+F1−)|fi〉|2. (19)
In these expressions, the relationship between the initial
and final states |fi〉 and |ff 〉 are constrained by selection
rules. Namely, ∆l = 0,±2 for the orbital angular mo-
mentum, and the spin projection of one or both of the
atoms may change by ∆mF = 0,±1. ∆ml + ∆mF = 0
to conserve momentum.
The h(x) function of the kinematic variable x ≡ kf/ki,
defined on [1,∞), is [7, 9]:
h(x) = −1
2
− 3
8
(1− x2)2
x(1 + x2)
ln
(
(1− x)2
(1 + x)2
)
, (20)
and is the ratio of the exchange to the direct term of
Eq. 9. Figure 7 plots h(x).
C. Cross sections for intermediate states |mF | < F
The cross sections in Eqs. 11–13 describe dipolar relax-
ation from the initial two-body spin state |fi〉 = |F,mF =
+F ;F,mF = +F 〉 to the following final states |ff 〉:
|f0f 〉 = |F,mF = +F ;F,mF = +F 〉, (21)
|f1f 〉 = |F,mF = +F − 1;F,mF = +F 〉S,A, (22)
|f2f 〉 = |F,mF = +F − 1;F,mF = +F − 1〉, (23)
where the exponentiated number indicates the number
of spin flips and S (A) refers to (anti)symmetric sym-
metrization of the state.
The collisional channel depicted in Fig. 6(b) has an
initial state |fi〉 = |F,mF = +F ;F,mF = +F 〉, the
maximally stretched strong-field-seeking state, and the
final state |f1f 〉 listed in Eq. 22. This initial state has a
single-spin-flip cross section σ1 given by Eq. 12, and a
double-spin-flip cross section σ2, given by Eq. 13. The
double-spin-flip process, to the final state |f2f 〉 listed in
Eq. 23, is depicted in Fig. 6(h) for mF = +21/2; +8.
σ2 is a factor F
−1 smaller than σ1. The time-reversed
collision channels have as their final state the maximally
stretched weak-field-seeking spin state; see Fig. 6(e) and
Fig. 6(h) (with mF = −19/2). These are also described
by Eqs. 12 and 13.
The cross sections are modified for initial states in
which |mF | < F . Collisional channels such as these
are depicted in Figs. 6(c), (d), (f), (g), (h) and (i). We
now list the spin-dependent matrix elements and cross-
sections of these cases relative to that of the maximally
stretched spin states in Eqs. 12 and 13.
1. Single-spin-flip; Spin-polarized state relaxing to
spin-mixture: Cases depicted in Figs. 6(c) and (d)
The general spin-dependent matrix element of Eq. 18
for the one-spin-flip cases depicted in Figs. 6(c) and (d)
is:
〈UDDI〉spin-part only; 1-flippolarized-to-mixture= (24)
−3
2
〈F,mF ;F,mF − 1|SF1zF2−
+F2zF1−|F,mF ;F,mF 〉 =
−3√
2
mF
√
F 2 + F −m2F +mF .
Only the symmetric S case is non-zero. The general cross
section is:
σpolarized-to-mixture1;=−1 ∝ |〈UDDI〉spin-part only; 1-flippolarized-to-mixture |2 = (25)
9
2
m2F (F
2 + F −m2F +mF ).
σpolarized-to-mixture1;=−1 = (26)
σ1;=−1m2F (F
2 + F −m2F +mF )/(2F 3),
where σ1;=−1 is given by Eq. 12.
For the case in Fig. 6(c) of
|fi〉 = |21/2,−19/2; 21/2,−19/2〉 → (27)
|f1f 〉 = |21/2,−19/2; 21/2,−21/2〉S ,
mF = −F + 1 and Eq. 27 is
σ
|-19/2;-19/2〉 → |-19/2;-21/2〉
1;=−1 = F (F −1)2σ1;=−1/F 3. (28)
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For the case in Fig. 6(d) of
|fi〉 = |21/2,−17/2; 21/2,−17/2〉 → (29)
|f1f 〉 = |21/2,−17/2; 21/2,−19/2〉S ,
mF = −F + 2 and Eq. 27 is
σ
|-17/2;-17/2〉 → |-17/2;-19/2〉
1;=−1 = (2F −1)(F −2)2σ1;=−1/F 3.
(30)
2. Single-spin-flip; Spin-mixture relaxing to
spin-polarized state: Cases depicted in Figs. 6(e) and
(f)
The general spin-dependent matrix element of Eq. 18
for the one-spin-flip case depicted in Fig. 6(e) and (f) is:
〈UDDI〉spin-part only; 1-flipmixture-to-polarized= (31)
−3
2
〈F,mF − 1;F,mF − 1|F1zF2−
+F2zF1−|F,mF ;F,mF − 1〉S =
−3√
2
[ (mF − 1)
√
F 2 + F −m2F +mF ] .
Only the symmetric S case is non-zero. The general cross
section is:
σmixture-to-polarized1;=−1 ∝ |〈UDDI〉spin-part only; 1-flipmixture-to-polarized |2 =
9
2
(mF − 1)2(F 2 + F −m2F +mF ). (32)
σmixture-to-polarized1;=−1 =
σ1;=−1(mF − 1)2(F 2 + F −m2F +mF )/(2F 3), (33)
where σ1;=−1 is given by Eq. 12.
For the case in Fig. 6(e) of
|fi〉 = |21/2,−19/2; 21/2,−21/2〉S → (34)
|f1f 〉 = |21/2,−21/2; 21/2,−21/2〉,
mF = −F + 1 and Eq. 33 is
σ
|-19/2;-21/2〉 → |-21/2;-21/2〉
1;=−1 = σ1;=−1. (35)
For the case in Fig. 6(f) of
|fi〉 = |21/2,−17/2; 21/2,−19/2〉S → (36)
|f1f 〉 = |21/2,−19/2; 21/2,−19/2〉, (37)
mF = −F + 2 and Eq. 33 is
σ
|-17/2;-19/2〉 → |-19/2;-19/2〉
1;=−1 = (2F −1)(F −1)2σ1;=−1/F 3.
(38)
3. Single-spin-flip; Spin-mixture relaxing to different
spin-mixture: Case depicted in Fig. 6(g)
For the one-spin-flip case depicted in Fig. 6(g), both
the incoming and the outgoing states are distinguishable,
so there is no interference term ( = 0) and the spin states
do not need to be (anti)symmetrized. The general spin-
dependent matrix element of Eq. 18 is:
〈UDDI〉spin-part only; 1-flipmixture-to-mixture = (39)
−3
2
〈F,mF ;F,mF − 2|F1zF2−|F,mF ;F,mF − 1〉
=
−3
2
mF
√
F 2 + F −m2F + 3mF − 2,
The general cross section is:
σmixture-to-mixture1;=0 ∝ |〈UDDI〉spin-part only; 1-flipmixture-to-mixture |2 =
9
4
m2F (F
2 + F −m2F + 3mF − 2). (40)
σmixture-to-mixture1;=0 =
σ1;=0m
2
F (F
2+F −m2F + 3mF − 2)/(4F 3), (41)
where σ1;=0 is given by Eq. 12.
For the case in Fig. 6(g) of
|fi〉 = |21/2,−17/2; 21/2,−19/2〉 → (42)
|f1f 〉 = |21/2,−17/2; 21/2,−21/2〉,
mF = −F + 2 and Eq. 41 is
σ
|-17/2;-19/2〉 → |-17/2;-21/2〉
1;=0 = F (F − 2)2σ1;=0/(2F 3).
(43)
4. Double-spin-flip; Spin-polarized state relaxing to a
different spin-polarized state: Case depicted in
Fig. 6(h)
For the case in Fig. 6(h) of a spin-polarized state relax-
ing to a different spin-polarized state via a double spin-
flip process, the general spin-dependent matrix element
of Eq. 19 is:
〈UDDI〉spin-part only; 2-flippolarized-to-polarized = (44)
−3
4
〈F,mF − 1;F,mF − 1|SF1−F2−|F,mF ;F,mF 〉S =
−3
4
(F 2 + F −m2F +mF ).
The general cross section is:
σpolarized-to-polarized2;=−1 ∝ |〈UDDI〉spin-part only; 2-flippolarized-to-polarized|2 =
9
16
(F 2 + F −m2F +mF )2. (45)
σpolarized-to-polarized2;=−1 =
σ2;=−1(F 2+F −m2F +mF )2/(4F 2), (46)
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where σ2;=−1 is given by Eq. 13.
For the case of
|fi〉 = |21/2, 21/2; 21/2, 21/2〉 → (47)
|f2f 〉 = |21/2, 19/2; 21/2, 19/2〉,
mF = +F and Eq. 46 is
σ
|21/2;21/2〉 → |19/2;19/2〉
2;=−1 = σ2;=−1. (48)
For the case of
|fi〉 = |21/2,−17/2; 21/2,−17/2〉 → (49)
|f2f 〉 = |21/2,−19/2; 21/2,−19/2〉,
mF = −F + 2 and Eq. 46 is
σ
|-17/2;-17/2〉 → |-19/2;-19/2〉
2;=−1 = (2F − 1)2σ2;=−1/F 2. (50)
For the case of
|fi〉 = |21/2,−19/2; 21/2,−19/2〉 → (51)
|f2f 〉 = |21/2,−21/2; 21/2,−21/2〉,
mF = −F + 1 and Eq. 46 is
σ
|-19/2;-19/2〉 → |-21/2;-21/2〉
2;=−1 = σ2;=−1. (52)
5. Double-spin-flip; Spin-mixture relaxing to a
different spin-mixture: Case depicted in Fig. 6(i)
For the double-spin-flip case in Fig. 6(i) of a spin mix-
ture relaxing to a different spin mixture, both the in-
coming and the outgoing states are distinguishable, so
there is no interference term ( = 0) and the spin states
do not need to be (anti)symmetrized. The general spin-
dependent matrix element of Eq. 19 is:
〈UDDI〉spin-part only; 2-flipmixture-to-mixture = (53)
−3
4
〈F,mF − 1;F,mF − 2|F1−F2−|F,mF ;F,mF − 1〉 =
−3
4
√
F 2 + F −m2F +mF
√
F 2 + F −m2F + 3mF − 2.
The general cross section is:
σmixture-to-mixture2;=0 ∝ |〈UDDI〉spin-part only; 2-flipmixture-to-mixture |2 = (54)
9
16
(F 2 + F −m2F +mF )(F 2 + F −m2F + 3mF − 2).
σmixture-to-mixture2;=0 = (55)
σ2;=0(F
2 + F −m2F +mF )
×(F 2 + F −m2F + 3mF − 2)/(4F 2),
where σ2;=0 is given by Eq. 13 with  = 0.
For the case |fi〉 = |21/2,−17/2; 21/2,−19/2〉 →
|f2f 〉 = |21/2,−19/2; 21/2,−21/2〉, mF = −F + 2 and
Eq. 56 is
σ
|-17/2;-19/2〉 → |-19/2;-21/2〉
2;=0 = F (2F − 1)σ2;=0/F 2. (56)
D. Plots of the cross sections versus mF
Figure 8 plots the various cross sections
listed in Eqs. 27 (σpolarized−to−mixture1;=±1 ), 33
(σmixed−to−polarized1;=±1 ), 41 (σ
mixture−to−mixture
1;=0 ), 46
(σpolarized−to−polarized2;=±1 ), 56 (σ
mixture−to−mixture
2;=0 ). At
high |mF |, single-spin-flip decay dominates over double,
but at low |mF | double-spin-flip decay dominates,
with the single-spin-flip cross section vanishing as m2F .
Inelastic dipolar relaxation cannot be avoided by using
states with small initial |mF | values.
V. OBTAINING βdr FROM THE CROSS
SECTIONS
The relationship between the cross section and the
measured collisional loss rate (via a measurement of the
decay lifetime and density) is:
βdr = 〈
[∑
i
gi1nσ
i
1 (kf/ki)
gi1d
+
∑
i
gi2nσ
i
2 (kf/ki)
gi2d
]
vrel〉th,
(57)
where the sums are over all the relevant processes con-
tributing to the collisional loss rate.
The factors g1d = {1, 2} and g2d = {1, 2} in the de-
nominators account for double counting in two-body-
loss terms representing collisions between identical, spin-
polarized incoming particles [2, 9]. The factors g1n =
{1, 2} and g2n = {1, 2} in the numerator account for pro-
cesses in which either one (gn = 1) or both (gn = 2)
of the atoms are lost from the trap after the inelastic
collision [3, 7, 9].
For Dy in our trap of depth 1.5 µK and B >∼ 45 mG, all
collision partners receiving at least ∆E = gFµBB/2 of
kinetic energy are lost from the trap. This field is equal
to or lower than all the fields employed in this work, and
we therefore assume that inelastic collisions lead to loss
rather than heating. We maintain this trap depth for all
measurements to minimize systematic errors. No cooling
due to plain evaporation is observed, and simulations in-
dicate that modifications to γ due to plain evaporation,
if present, shifts the fit β’s by an amount no greater than
the one standard error quoted.
The relative velocity vrel is the integration variable in
the thermal average. The Maxwell-Boltzmann distribu-
tion function is valid for both the fermionic and bosonic
isotope in the temperature regime used in this publica-
tion. (Using Fermi-Dirac or Bose-Einstein distribution
functions yield the same results at these temperatures
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FIG. 8. Dipolar relaxation cross sections for (a) spin-21/2 fermions and (b) spin-8 bosons. Cross sections are normalized to
|〈UDDI〉spin-part only; 1-flippolarized-to-mixture |2. The x-axis is the largest mF state in the incoming collision.
T ≥ [Tc, TF ].) The thermal average is
〈(σ1(kf/ki) + σ2(kf/ki))vrel〉th =(
m
4pikbT
)3/2 ∫ ∞
0
4piv2rele
−mv2rel/(4kbT ) ×[
σ1
(
2h¯kf
mvrel
)
+ σ2
(
2h¯kf
mvrel
)]
vrel dvrel, (58)
where ki = mvrel/2h¯. The appropriate mass is the re-
duced mass m/2, which introduces the extra factors of
two in these expressions. The cross sections σ1 and σ2 are
written as a function of the relative incoming ki and out-
going kf momenta. The energy release, ∆E = αgFµBB,
is the Zeeman energy in a magnetic field B, where
α = 1(2) for a single-spin-flip (double-spin-flip) process.
We solve this integral numerically to yield the values of
βdr presented in the manuscript. Errors in calculated
values of βdr are due to temperature and magnetic field
uncertainties for the corresponding data.
A. Expressions for the collision loss rates βdr
We now list the βdr’s for each collision studied in
Figs. 2-4 in the manuscript. These βdr are to be com-
pared with those obtained from fitting data to solutions
of Eqs. 6 and 7.
For the case
|fi〉 = |F,maf ;F,maf 〉 = |21/2, 21/2; 21/2, 21/2〉
or
|fi〉 = |F,maf ;F,maf 〉 = |8, 8; 8, 8〉,
βadr = {β|21/2;21/2〉dr , β|8;8〉dr } = (59)
〈
[
2σpolarized−to−mixture1;=−1
2
+
2σpolarized−to−polarized2;=−1
2
]
vrel〉
= 〈[σ1;=−1 + σ2;=−1]vrel〉.
For the case
|fi〉 = |F,maf ;F,maf 〉 = |21/2,−17/2; 21/2,−17/2〉
βadr = β
|−17/2;−17/2〉
dr = (60)
〈
[
2σpolarized−to−mixture1;=−1
2
+
2σpolarized−to−polarized2;=−1
2
]
vrel〉
= 〈[(2F − 1)(F − 2)2σ1;=−1/F 3
+(2F − 1)2σ2;=−1/F 2]vrel〉.
For the case
|fi〉 = |F,maf ;F,maf 〉 = |21/2,−19/2; 21/2,−19/2〉
βadr = β
|−19/2;−19/2〉
dr = (61)
〈
[
2σpolarized−to−mixture1;=−1
2
+
2σpolarized−to−polarized2;=−1
2
]
vrel〉
= 〈[F (F − 1)2σ1;=−1/F 3 + σ2;=−1]vrel〉.
For the case
|fi〉 = |21/2,−17/2; 21/2,−19/2〉,
where we designate Na to be the populations associ-
ated with |21/2,−17/2〉 and Nb that associated with
|21/2,−19/2〉:
βadr = β
|−17/2;−17/2〉
dr , (62)
13
βbdr = β
|−19/2;−19/2〉
dr , (63)
βabdr = β
ba
dr = (64)
〈[ σmixture−to−polarized1;=−1 + σmixture−to−mixture1;=0
+σmixture−to−mixture2;=0 ] vrel〉
= 〈[(2F − 1)(F − 1)2σ1;=−1/F 3
+F (F − 2)2σ1;=0/(2F 3)
+F (2F − 1)σ2;=0/F 2]vrel〉.
For the case
|fi〉 = |21/2,−19/2; 21/2,−21/2〉,
where we designate Na to be the population associ-
ated with |21/2,−19/2〉 and Nb that associated with
|21/2,−21/2〉:
βadr = β
|−19/2;−19/2〉
dr , (65)
βbdr = 0, (66)
βabdr = β
ba
dr = (67)
〈σmixture−to−polarized1;=−1 vrel〉
= 〈σ1;=−1vrel〉.
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